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Three-dimensional printing (3DP) in the metal industry is used for the rapid production of 
sand parts, inter alia, moulds and cores. Due to its accessibility and affordability, the sand 
used most in the metal fabrication industry is silica. 
Voxeljet sand, an imported sand developed and provided by Voxeljet for use with the 
Voxeljet 3DP, is more expensive than local sand, making the cost of 3DP prohibitively high 
and preventing widespread adoption of 3DP for the manufacture of sand parts. If suitable, 
sourcing the sand locally could offer a cost saving that would assist the local foundry 
industry.  
This study examines the suitability of South African local sands for use in a Voxeljet VX 
1000 3DP machine. Four locally produced silica sands and one ceramic sand were evaluated 
and compared with the Voxeljet sand. The trial work was carried out in three phases: 
classification of the sands, assessment of their moulding properties and finally printing 
preliminaries. 
Despite the differences in characteristics between the imported and local silica sands, this 
investigation showed that the local sands could be considered appropriate for rapid sand-
casting applications. The findings show that these sands yielded optimum moulding 
mechanical properties, producing a tensile strength of 20 N/cm
2
 to 129 N/cm
2
, a bending 
strength in the range of 60 N/cm
2
 to 290 N/cm
2
, a hardness of 91 to 94 and a friability 
resistance within 2.46% to 38%. The sands were coated with sulphonic acid and measured for 
flowability. It was found that the ideal activator level ranged from 0.3% to 0.6%, producing a 
bend strength in the moulds of 220 N/cm
2
 to 330 N/cm
2






The ceramic sand, despite inferior friability resistance compared to the imported silica sand, 
was found to have superior moulding properties and outstanding bending properties due to its 
greater tensile and bend strengths.  These qualities may make it suitable for applications for 
which silica sand is not suitable. It therefore warrants further casting trials to complete the 
assessment for rapid casting applications. 
Keywords: 3DP, silica sand, ceramic sand. 
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CHAPTER I: INTRODUCTION 
1.1 Introduction 
Additive manufacturing has provided foundries with a method to replace the traditional 
manual sand casting with rapid sand casting of the sand parts used in metal casting (Chhabra 
& Singh, 2011). This practice has gained traction in the past decade with the introduction to 
the market of large and fast 3DP machines for modern casting manufacture (Gardan, 2016). 
However, the cost of the imported 3DP equipment, as well as the raw material, negatively 
affects the adoption of this technology by local foundries. In this study, various local crude 
materials used in the production of moulds and cores were evaluated.  
1.2 Background 
South Africa has had access to AM technology for almost 20 years, however, a complete AM 
plan was only initiated in 2016 (De Beer et al., 2017). The Department of Science and 
Technology (DST) formed Development and Innovation in South Africa to organise focus 
areas and develop plans in order to manage the public and private sectors’ interest in the field 
of AM research from 2014 to 2023. The plan also develops adequate empowering elements 
encompassing technological competency and training frameworks, to ensure its success. In 
this strategy, education systems and the development of AM are incorporated into each of the 
focus areas below: 
 Competent AM techniques for the production of parts in areas such as aerospace and 
medical sectors; 
 AM techniques in conventional assembly; 
 Innovation and improvement of AM material; and 
 Relief for SMMEs and sustainability programs. 
The strategy for SA AM supports the intention of the National Development Plan (NDP). 
This shows that South Africa has dynamic organisations to drive the economy of the country, 
aiming primarily to eradicate poverty and lessen inequality among its population as we 
approach 2030 (National Planning Commission, 2012). The key target of the NDP is to 
advance edification, apprenticeship and progress. Progressive innovation is regarded by the 
NDP as a crucial strategy to improve the status of the lower income demographic and 
promote financial development as well as employability. In that capacity, AM, as an 
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unrestrained industry and innovation technique, can possibly contribute to the reinstatement 
of small, medium and macro-enterprises in the country. 
The manufacturing division in South African, specifically foundries, is a division that might 
profit from AM, as presented in the SA AM strategy. This division fabricates metal parts 
which are utilised across the engineering sector. The impact of AM on metal casting consists 
of producing tools and dies using an uninterrupted process of creating common foundry sand 
parts (Altan, Lilly & Yen, 2001). Additive manufacturing, by and large referred to as Rapid 
Sand Casting (Chhabra & Singh, 2011), is accessible in South Africa as 3DP and Laser 
Sintering (LS) systems. The Advanced Manufacturing Precinct (AMP) at the Vaal University 
of Technology (VUT) Southern Gauteng Science and Technology Park is equipped with a 
Voxeljet system (Creamer Media, 2016). The Centre for Rapid Prototyping and 
Manufacturing (CRPM) at the Central University of Technology (CUT), Free State, is 
equipped with an EOSINT machine for LS (Central University of Technology, 2017). These 
rapid casting machines are well established in AM (Chua, Leon & Lim, 2010).  
Rapid sand-casting machines that are accessible in South Africa are still utilising raw 
materials imported from abroad. This is despite the fact that South Africa possesses a large 
amount of natural raw material, namely silica sand, suitable for use in rapid casting for 
foundry applications (National Foundry Technology Network, 2015). The importation of 
these raw materials makes it costly to use these systems. Also, this state of affairs possibly 
forestalls the full adoption of AM innovation by local foundries. 
Following the SA AM plan in terms of its third focal need, the requirement for locally 
sourcing crude sands used for AM is essential to offer these sands more cheaply to the 
clients. Programs now exist in SA to promote local silica sand utilisation in the 3DP 
manufacturing of components such moulds and cores at AMPs.  
1.3 Research Problem Statement 
Silica sand is one of the most extensively utilised heat resistant sands in metal casting 
applications (Brown, 2004). Silica sand is also used in the Voxeljet AM process and this 
material is imported, rendering the AM process in SA more expensive. Little is known about 
whether local silica sands could be appropriately used in place of the imported material. 
South Africa has access to a huge diversity of silica sands for various foundry applications. 
The National Foundry Technology Network (NFTN) requested the University of 
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Johannesburg to fully classify these sands in order to provide a comprehensive report related 
to the major aspects of these materials (National Foundry Technology Network, 2015). 
Regrettably, these local silica sands are currently omitted from use in layer-by-layer 
technology, namely LS established at the Central University of Technology (CUT) (Central 
University of Technology, 2016) and 3DP at the Vaal University of Technology (Vaal 
University of Technology, 2013). Because the costly running expenses of these procedures is 
due to the use of silica sands from abroad, an investigation of local sands as substitutes is 
imperative.  
1.4 Research Objectives 
The research objectives of this study intend to: 
1. Research the appropriateness of a well known local silica sand that could be used in 
layer-by-layer technology for the production of common foundry sand components, 
such as moulds and cores, and contrast various behaviours of this sand with the silica 
sand from abroad recommended by Voxeljet. 
2. Broaden the first objective by examining three additional local silica sands from 
different sand suppliers. 
3. Assess the mechanical properties of local commercially available ceramic sand in 
terms of bend and tensile strength and friability resistance of sand parts produced by 
AM. 
4. Focus on 3DP sand preparation using sulphonic acid to coat local silica sand to 
determine the impact of the coating on the AM applications. 
1.5 Justification of Research 
The reasoning behind this research is that local foundries in SA envision using the AM 
technology to produce moulds and cores of quality equal to or higher than parts fabricated 
from the imported sand. Utilizing local sands will, in one way, align with NDP objectives for 
infrastructure construction. In another way, the full adoption of the technology will promote 
foundries’ competitiveness and additionally reduce casting costs, empower SMMEs, improve 
lower-class incomes, develop training centres, and spur job creation (National Planning 
Commission, 2012).  
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1.6 Scope of Research 
The study will make use of various refractory materials consisting of imported silica sand, 
four local silica sands and one ceramic sand. The trial work was carried out in three phases: 
classification of these heat resistant sands, the definition of their moulding properties, 
followed by layer-by-layer printing preliminaries. In this examination, the 3D printer situated 
at VUT-AMP was utilised for the immediate fabrication of the predefined parts. 
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CHAPTER II: LITERATURE REVIEW 
2.1 Introduction 
This section presents a review of the literature on various manufacturing techniques, 
including sand casting and AM.  
2.2 Casting Processes 
Casting is among the most established and still greatly utilised methods in the metal 
manufacturing industry. The method comprises the fundamentals of emptying a liquid metal 
into a heat resistant mould (sand or metal) with a cavity of the shape to be repeated, and 
letting it set before releasing the casting. In order to release the casting, the mould is either 
taken apart, when a reusable metal mould (also called a permanent mould) is used, or by 
stripping the disposable sand mould (also called expendable), as shown in Figure 2.1. (Lerner 
& Rao, 2013). 
 
Figure 2.1 Pot casting released from sand mould 
2.2.1 Casting Design 
Casting design is a basic phase in the improvement of successful castings. Various 
components influence the quality and execution of cast objects. Accordingly, the structure of 
parts delivered by casting, such as the configuration of the moulds, must account for these. 
During the configuration, quality and execution are considered as configuration rules, and 
their logical premise lies in the investigation – the quality and function of materials (Stoll, 
2009). 
6 | P a g e  
 
2.2.1.1 Corners, angles and section thickness 
Surface defects such as scars, blisters, scabs or blows, or tiny holes such as inclusions, cold-
shuts or shrinkage cavities in the interior of the casting are a result of the casting method 
being adopted. These abnormalities cause poor performance of the casting when subjected to 
changing loads during service. Under such conditions, there is a higher chance that, under 
constant pressure, the imperfections become cracks, resulting in the failure of the segment. 
Previous studies have shown that stress concentrators are produced by internal holes that 
reduce the real material strength to below the strength anticipated by the design (Stoll, 2009). 
2.2.1.2 Drafts and tapers 
Tapering is a good casting design for the vertical surfaces of the part. The vertical surfaces 
are inclined by a small angle in a way to allow easy ejection of the masterpiece. This strategy 
keeps the outside of the mould from harm during removal of the replica and other wood-piece 
items, for example, the vents, pouring cup and sprue. Furthermore, the internal structure’s 
draft edges are kept higher because the casting contracts somewhat towards the centre due to 
the crystallisation that accompanies the cooling. The use of these various tooling methods in 
the conventional moulding method shows how the 3DP for mould and core production is 
crucial due to the simple fact that AM eliminates the need for tooling (Sama & Manogharan, 
2017). 
2.2.1.3 Shrinkage 
The lack of sufficient melting to compensate for shrinkage causes contraction in the casting 
during solidification. Since solidification occurs from the mould and the melt interface, it 
travels inwardly towards the interior of the component. Therefore precautions should be 
taken during design to prevent cavity formation during shrinkage (Iqbal, Sheikh & Al-
Yousef, 2012). 
2.2.1.4 Parting line 
The cope and drag are the two pieces of the mould which are joined in such a way that they 
create a surface or boundary, viewed as a splitting line. It is the layout of the cross-segment 
of the item along that plane. Casting design requires that this boundary should be maintained 
horizontally. In any casting operation, a certain amount of liquid metal, in the form of flash, 
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will always leak out of the mould through this line, which will have to be machined away 
during finishing (CustomPartNet, 2021). 
2.2.2 Types of Casting Processes 
The production of metal components is divided into two styles of casting practices. They are 
distinguished based on the type of materials used to make moulds. These materials can be 
reusable or perishable by their nature. Moulds made out of reusable material are called 
permanent moulds and the those that are made out of disposable material are called 
expendable moulds. 
2.2.2.1 Permanent mould casting  
A moulding system that utilises re-usable moulds is called a permanent casting method 
because here moulds are non-expendable and can be utilised repeatedly. These moulds are 
generally made from metals with a higher temperature resistance and provide a great surface 
finish for the final object produced and with closer precision than other casting processes. 
The reusable mould casting method is commonly identified as die casting and is divided into 
three techniques: pressure, gravity and vacuum die casting (Scheley, 2000). 
i. Gravity die casting 
In this method of casting the melt is introduced into the mould using a ladle. Filling the 
mould’s internal structure uses only gravity. Casting smoothness, low porosity, fine-grained 
microstructure and improved mechanical features are some of the advantages of using this 
technique (Harrison Casting, 2019). 
ii. High pressure die casting (HPDC) 
HPDC produces higher dimensional accuracy in components. In this production system, the 
liquid metal enters the mould chamber at a higher velocity and pressure in order to drive 
solidification. This fabrication technique is employed in the manufacturing of thin-section 
wall alloys that require close dimensional accuracy, high productivity, and a great capital 
margin – mostly for the automotive sector (Dong, Yang, Zhu & Ji., 2019). 
iii. Low pressure die casting (LPDC) 
The manufacture of wheels, for example in the automotive sector, extensively uses the LPDC 
process because of the requirements for components’ close dimensional integrity and surface 
smoothness. Here, the melt is introduced into the mould cavity under relatively low pressure 
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allowing the molten metal to solidify in the mould cavity. Sometimes an application of high 
pressure can follow in order to eradicate any possibility of porosity formation in the casting 
(Campbell, 2015).  
iv. Vacuum die casting 
Die casting that requires a vacuum is generally the method most suitable in aluminium 
casting. The reason behind using the vacuum casting process is that the melt is introduced at 
high velocity into the mould cavity, consequently trapping air or gases in the molten metal 
causing defects inside the casting. To eliminate these defects, an enhanced die casting method 
was introduced by making use of a vacuum device. Therefore, the new die casting method 
produces a suction effect inside the mould chamber. The entrapped air or gases are thus 
removed from the molten metal, lowering the quantity of gas bubbles and decreasing internal 
defects, improving the casting mechanical features and surface smoothness (Bo et al., 2006). 
2.2.2.2 Expendable mould casting 
i. Sand casting 
Sand casting is an ancient fabrication method dating back over two thousand years. The 
versatility of sand casting practice produces metal objects of great intricacy using refractory 
moulds. These moulds are made from a blend of sand and a binder. This leads to two 
distinguishable sand-casting techniques, most often used in foundries in the production of 
moulds. They are the green sand and resin bonded sand casting processes (Weiss, 2018).  
a. Green sand moulding 
The green sand moulding process makes up the majority of the total casting in the world. The 
technique consists of mixing clean foundry aggregate with a suitable amount of bonding 
materials, such as clay, coal powder and moisture. Sometimes starch or dextrin is also used in 
the process (Srinivasan et al., 2018). The green sand is usually compressed or compacted 
around a wood or metal pattern in order to form a mould cavity into which the molten metal 
will be cast. The sand compaction is performed by hand ramming, jolting or squeezing the 
sand mould. 
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 Moulding machines  
Machines for making moulds have to squeeze the green sand uniformly around the 
masterpiece in order to provide the mould with the mechanical properties to resist all sorts of 
stress caused by the molten metal in the mould cavity. These properties revolving around 
mould strengths cannot be achieved simply by squeezing. Various coupling techniques, such 
as jolting, vibrating and squeezing, used at the same time or sequentially, have been used to 
achieve successful results. These moulding machines can be divided into two families: the 
moulding in flasks and the flaskless method (Beeley, 2001).  
 Moulding in flasks 
- Jolt squeeze 
With the jolt-squeeze principle, green sand from the hopper fills the mould box placed 
on a pattern fixed onto a jolt shaft. The jolt piston with a pneumatic system jolts the 
table carrying the pattern assembly against a stop. 
- Vibration squeeze 
In the vibrating squeeze, the jolt platform with the mould assembly is vibrated before 
and after the squeeze by a number of ram heads. 
- Shoot squeeze 
In the shoot squeeze, moulding sand is shot under pressure into the mould flask. The 
pressure at which the sand is driven in the mould box compacts the sand against the 
replica and a hydraulic system presses the mould for an adequate compaction. 
- Impulse compaction 
The green sand is pressurised by a force in the form of an airwave or explosion, 
compacting the sand around the replica and a squeeze is applied to the mould for 
compaction 
- Vacuum squeeze 
Here, the vacuum is created in the mould box in such a way that the sand released in 
the flask chamber is propelled onto the pattern causing partial compaction. A 
completion of mould compaction is then finalised by a higher-pressure squeeze 
(Banchhor & Ganguly, 2014). 
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 Flaskless moulding 
- Horizontal parted (Match-plate moulding) 
Here, a higher-pressure squeeze coupled with a vibrating mechanism is used to 
squeeze the sand, the moulds are then ejected from the machine onto a transporting 
conveyor. This system produces a high volume of moulds in a short amount of time. 
- Vertical parted moulding 
This is a ground-breaking technique of green sand mould production. This is an 
automated moulding line called the disamatic flaskless moulding machine where the 
pattern is mounted on a hydraulic compacting piston with half fixed to a swing plate. 
Green sand is driven into the moulding chamber under pressure. Continually, the cope 
and the drag are squeezed, the swing plate is pushed away followed by the discharge 
of the freshly produced mould (Brown, 2000).  
b. Resin-bonded sand 
Resin-bonded or chemical-bonded sand is a sand-casting process in which organic or 
inorganic binders are used to achieve appropriate bonding. These binders are entirely in 
liquid form with a composition which is acidic or basic. Here the cohesion of sand particles is 
driven by a chemical reaction created by the use of either an activator, gas or heat. Unlike the 
green sand, resin bonded sand does not require high force compaction of sand around the 
pattern in order to cure (Surekha et al., 2014). There are various chemical-bonded sand 
systems used in the production of moulds and cores. The most common systems used are the 
alkaline phenolic and furan systems (Mhamane, Rayjavhad & Shinde, 2018). 
 Alkaline phenolic resin-bonded sand  
This system is made of resins that are highly alkaline and comprised of two components. The 
first one is a liquid binder or resin, which is a water-soluble, alkaline phenol-formaldehyde 
polymer. The second element is a hardener or catalyst made of a blend of organic esters. 
These chemicals must be used in the specified ratios to allow the development of the 
strongest sand bond. The moulding of this sand consists of pressing the sand around the 
replica and curing is accompanied by a chemical reaction between these two solutions. With 
an addition whenever necessary, a strike-off can be proceeded to compact the sand, and only 
the pattern face hardens first. This facilitates strip-time easily as well as consistency (HA 
International, 2019).  
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 Furan resin-bonded sand  
This is also a two-part system. The basic raw substances for this family are furfuryl alcohol 
(FA) and an acidic curing agent. The moulding is performed in the same way as the alkaline 
phenolic family and curing is a reaction driven mechanism. The time required for the curing 
reaction to take place depends on the type of hardener and the amount of activator, both 
blended in a specific sand at room temperature (Mhamane et al., 2018).  
c. Mould making 
The initial stage in the sand-casting practice consists of creating the mould for casting. This is 
a disposable mould technique, and this stage is repeatable for each casting to be 
manufactured. Sand components are produced by pressing moulding aggregate against the 
mould’s half segments, of which the top one is named a cope and the lower one a drag, as 
shown in Figure 2.2. The moulding sand is squeezed around the replica, which is a model or 
shape of the casting to be reproduced. Once the replica is released, it prints out the cavity that 
will form the component. Afterwards, the model is detached, the positioning of the gating and 
runner structures are inserted in the drag’s internal space and followed by the fitting of the 
sprue in the lower segment of the mould. The gating system is a crucial mould structure 
which will let the melt flow into the mould’s internal feature.  
It is also important to note that features that cannot be shaped with the replica are formed by 
various components similar to the replica, called cores. Mould lubrication, coating 
application, mould baking, sand nature, mould dimension, the number of cores and mould 
fittings all determine the mould production time. The surface smoothness quality of a final 
casting and ease with which a pattern or a replica is released are determined by the 
application of coating and lubrication steps.  
A full mould is concluded when the top segment is joined to the lower segment, followed by 
tightly clamping the two segments together (Mechanical Engineering, 2019). 
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Figure 2.2 Schematic illustration of a sand mould, showing various features (Mechanical 
Engineering, 2019) 
 Clamping 
This step consists of aligning the cope and the drag together after they have been made, 
which is a preparation stage prior to streaming the molten metal inside the mould chamber. 
Prior to this, lubrication of the mould’s internal surface is carried out which will allow easier 
separation of the casting from the mould. Clamping is a critical phase in mould production as 
the top and bottom parts of the mould must be tightly closed to prevent movement and the 
loss of any material (Bochtler, Teeter & Thompson, 2013). 
 Pouring 
Prior to pouring, solid metals need to be melted in preparation for casting. The solid metal is 
melted using a melting unit such a furnace and the melt needs to be maintained at an 
appropriate temperature for a successful pouring operation.  
The required temperature for the melting unit is determined by the quality, amount and 
throughput required. Electric induction melting units are the most utilised systems for batch 
melting of ferrous metals, copper and super alloys. After the set temperature has been 
achieved, the melt is transported in the ladle and pouring is initiated. Pouring can be 
performed manually or automatically. The molten metal must be poured effectively to fill the 
entire the mould chamber as well as all the mould channels. The filling is conducted rapidly 
to eliminate any possibility of premature solidification (Groover, 2010). 
 Cooling 
Cooling usually commences soon after the melt begins to fill the mould cavity and the 
contact between the melt and mould will rapidly initiate solidification. When the filling of the 
mould chamber is completed and the melt hardened, a complete shape of the component is 
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made. The opening of the mould is therefore possible only after the metal has solidified. 
Ideally, cooling time is assessed based on the component section thickness and the 
temperature of the alloy. In general, potential deformities that can occur are an after-effect of 
the solidification technique. In the instance of rapid cooling of the melt, the casting could 
display contraction related defects such as shrinkage, cracks, and sometimes fragmented 
segments. Therefore, preventative measures can be actualized whilst structuring the mould 
and the prototype (Groover, 2010). 
 Removal 
When casting is solidified, the sand mould is essentially broken down to discharge the 
casting. At this stage distinctive cleaning strategies, for example shaking or shot blasting, 
might be utilised to expel any remaining sand from interior surfaces. This phase is called the 
shakeout and it is performed by a vibrating machine. Shot blasting is also a removal process 
of any residual sand and it reduces the surface roughness of the casting (Metal Technology 
Group, 2008). 
 Finishing operation 
During cooling, the materials in the mould gating systems solidify and remain attached to the 
casting. These materials are risers, feeders, channels and feeder heads. These excess materials 
must be trimmed from the casting using various techniques used in the fettling workshop. 
First, the casting needs to be cleaned by removal of sand stuck onto the casting and any core 
residues and eliminated of flash and excess metal. Removal of the casting from the mould is 
the simplest and one of the techniques used in the finishing operation to remove runners and 
feeder heads. An abrasive wheel is another method for head removal. Machining is 
performed for large heads, and flame cutting or a cutting torch is an additional and flexible 
method used for head removal, especially from steel casting (Metal Technology Group, 
2008). 
d. Pattern making  
Pattern making is the initial phase in creating designs. A pattern is a duplicate of an actual 
component with dimensional precision allocating for both shrinkage and finishing. For an 
empty internal structure casting, extra patterns called cores are utilised to make the internal 
impression in the completed part. Prototypes are ordinarily made out of wood, plastic, metal 
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or plaster. Combinations of materials are sometimes used in a situation where specific 
features are required of the replica. The criteria for material selection for pattern making are 
determined by the castings quantity and the metal component specification requirements 
(Lerner & Rao, 2013). 
e. Core making 
A core is an element of the mould that behaves as a melt obstruction positioned in the mould 
which does not allow the liquid metal to fill up the space it occupies, hence creating a cavity 
in the casting. It is otherwise used to create recesses, undercuts and interior surfaces that are a 
part of castings. The core represents a form of insert used in the mould to create design 
geometries that are very difficult to design by a simple method. Consequently, core can be 
depicted as that segment of the mould which frames the empty inside of casting or hole 
through the casting. Cores are generally made of sand blended with adhesives called binders 
and cured using different methods. They must be solid and obviously collapsible in order to 
release them effortlessly out of the casting (Deore et al., 2015). 
Since cores are produced out of sand, they require a core box composed of a pattern and 
mould. The core and the casting pattern are produced similarly except that the core box is 
made out of non-perishable materials. These materials must be resistant to the components 
used in the core making process (Löchte, 1998). Cores are normally formed from various 
sands, namely silica, olivine or chromite sand, together with strong chemicals. During the 
production of the core, sand is blended with a binder and then placed in a core-box to cure 
into a solid shape, which is released after curing. Core curing is achieved through various 
techniques involving chemical reactions or heat applications.  
This leads to the categorisation of the core making process into three major classes:  
 Cold setting process (No-bake systems) 
During cold-setting, core sand curing is achieved at room temperature. It does not require 
heat to cure the resin-bonded sand. Instead, an activator is used to trigger the reaction that 
allows the bonding of the core sand particles. 
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 Gas hardened process (Cold box system) 
The system uses a cold box filled with core sand. Cold box, as the name implies, is a heat-
free process. The curing of the resin bonded sand occurs by introducing a gas catalyst in 
order to bond sand particles. 
 Hot curing processes 
Here, setting happens by warming the sand-binder mixture, which then comes into contact 
with the heated pattern (Holtzer & Dańko, 2015). 
f. Gating system 
The gating system, as shown in Figure 2.3, is a mould structure made of various elements, 
among which are a pouring basin or cup, sprues, runners and gates connected to the mould 
through which metal flows before entering the mould cavity (Nandagopal et al., 2017). 
 
Figure 2.3 Traditional gating system layout (Elbel & Havlicek, 2014) 
 Pouring cup 
The pouring cup is circular or rectangular. Its function is to collect the liquid metal poured 
from the ladle and to reduce the force of the melt running into the mould by allowing it to 
settle into the cup, while at the same time preventing liquid turbulence (Elbel & Havlicek, 
2014). 
 Sprue 
The sprue is a straight pipe, an element of the gating systems that channels the melt to the 
runner. A sprue is always vertical in order to maintain the liquid at a constant speed as it runs 
through. This prevents air aspiration since the sprue is the connecting piece between the 
pouring cup and the runner (Elbel & Havlicek, 2014).  
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 Runner 
The runner carries the melt from the sprue to the mould chamber. It is the last phase where 
the liquid metal travels from the runner to the mould’s internal surface (Elbel & Havlicek, 
2014). 
 Gate  
The gate, also commonly called the in-gate, is the inlet(s) through which the liquid metal 
flows into the mould chamber. The configuration of the in-gate should be drafted in a manner 
to allow its easy removal after casting is completed (Elbel & Havlicek, 2014). 
 Riser 
The riser or feeder is one of the most important components of the gating system which 
functions as a metal reservoir from which melt flows to the hollow mould structure. It 
compensates for the shrinkage, which takes place during melt nucleation, at the same time 
preventing any solidification related defects in the final casting. Apart from the functions 
already mentioned, the header is regarded as a heat source which freezes last and promotes 
directional solidification. Feeders are grouped based on their positions on the mould. It is 
called a top or side riser if it is located either on the casting or on the side. When the riser is 
open to the atmosphere it is called an open feeder, but when it is entirely enclosed in the 
mould this is known as a blind header. Other criteria in categorising risers are based on the 
manner in which they control the heat flow. If the riser receives melt from the gating 
structure and fills before the mould chamber, it is called an exothermic riser, or it is called 
insulating when this component prevents or conserves the heat of the melt during casting 
(Santhi et al., 2015). 
2.2.2.3 Type of sands  
The heat resistant moulds used in casting consist of a specific refractory material (sand) that 
is bonded together in order to hold its shape during pouring of the melt in the mould cavity. 
Even though multiple sands can be utilised to meet a particular foundry need for mould 
production, the fundamental sand requirements below apply to each material (Walton & 
Opar, 1981): 
 Dimensional and thermal resistance at high temperatures; 
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 Adequate particle size and morphology; 
 Chemically inert to the melt; 
 Free of combustible substances that generate gases at elevated temperatures; 
 Economically available; 
 Consistent cleanliness, composition and pH; 
 Compatibility with the binders, and 
 Ability to develop strength.  
Many minerals possess some of these characteristics, but few have them all (Walton & Opar, 
1981). 
There are several types of sands on the market that are used in foundries as base materials in 
the manufacturing of moulds and cores. The majority of these sands are produced locally, 
namely silica, chromite, olivine, zircon, aluminium silicates and so forth. These materials are 
classified into two groups of which some belong to the siliceous family and others to the non-
siliceous category.  
i. Siliceous sands 
Silica sand 
Worldwide, the production of moulds and cores uses mostly silica sand as the base moulding 
aggregate. It occurs in natural deposits and is readily available as the cheapest refractory 
material. Generally, it is found on surfaces such as rivers, lakes, underground and seashore 
bottoms or as a subsurface. The sand is yellow, brown and sometimes white in colour and has 
a relative appreciable thermal resistance. The main mineral is quartz (SiO2) which is very 
acidic. For casting purpose, the silica content varies within the range of 95% - 96% (Brown, 
2004). Naturally occurring silica sand appears to be round as opposed to the mined or 
processed sand which is relatively angular (Brown, 2004). 
Ordinary silica sand is a derivative of rock fragmentation due to weathering which goes 
through an important cycle. The weathering effect on the quartz-bearing rock produces sand. 
During this cycle, water carries away sand crystals, causing displacement of weaker particles 
while at the same time reducing the size of the solid particles, making them smaller and 
rounder in shape, and transforming the surfaces of these solid particles by perpetual friction 
or chemical effect. The maturity of these sand grains depends on the time these particles  
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travel in water. Rounded particles are an indication of numerous cycles of deposition and 
transportion (Platias, Vatalis & Charalampides, 2014). 
ii. Non-siliceous sands  
a. Chromite sand 
Chromite sand is obtained from chrome ore deposits. The sand consists of angular particles 
which are irregular in shape and, to some extent, with curved faces. It has a glossy 
appearance, and is black in colour and slightly basic. The most important minerals in foundry 
grade chromite are Cr2O3 (45% - 48%) and Fe (12% maximum), giving the sand greater heat 
resistance and thermal conductivity (Beňo, Jelínek & Špirutová, 2015).  
b. Olivine sand 
Olivine sand is brownish in colour and, in most cases, angular in shape because the sand is 
obtained by a mining process involving the crushing of the rock. The olivine with foundry 
specifications is used in high-alloy steels. The sand is characterised by a much lower 
inertness and expansion uniformity. It is an environmentally friendly material due to its low 
loss on ignition (LOI) and the presence of serpentine. The sand is not extensively used 
because it is not compatible with many binder systems. Olivine sand’s ability to resist heat 
depends on the iron content which cannot exceed 8% (Campbell, 2011).  
c. Zircon sand 
This sand is light in colour and morphologically has particles that are fine and rounded. It is 
produced as a by-product during the tin mining process. The main mineral is zirconia oxide 
(ZrO2) and can be blended with alumina to improve the toughness of the sand making the 
latter a high performing engineering material suitable for heavy section casting. Zircon sand 
possesses exceptional refractoriness, volume stability and mechanical strength (Asuquo, 
Bassey & Ihom, 2013). 
2.2.2.4 Properties of foundry sand 
Foundry sand is the main ingredient used in sand-casting applications. To ensure successful 
moulding and casting, the criteria for selection varies with the type of casting process used by 
a specific foundry and comprises grain size, acid demand value (ADV), LOI, clay content, 
pH, sinter point, specific gravity, moisture and grain shape (Bala & Khan, 2013). 
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i. Grain size 
Grain size is an indication of the grain fineness of the sand as well as the grain size 
distribution. It is expressed as a number which is an indication of the type of particle size 
found in specific bulk sand. When this number is higher, the sand is finer, and coarser when 
this index is low. The grain size affects the mould permeability as well as the surface 
smoothness of the final metal component. An increase in permeability can be ascribed to sand 
with coarser grains, which drops when the crystals are finer, leading to casting defects such 
as blowholes. Sand grain size with normal distribution is most preferred for foundry 
applications because it assures an optimal dispersal of the sand, hence reducing the possibility 
of any defect related to the size of particles in the bulk sand (Edoziuno et al., 2017).  
ii. Acid demand value (ADV) 
ADV is a measure that determines the level of acidity or basicity in the sand. This property 
has a significant impact on the activator requirements of the self-setting acid triggered 
binders. Sand with a higher level of insoluble alkaline minerals will absorb acid activators. 
Sands with ADV more than approximately 6 ml necessitate a higher amount of acid-base 
activator. For a successful moulding operation, sand with ADV exceeding 10 ml - 15 ml is 
not used with an acidic binder system (Brown, 2000). 
iii. Loss on ignition (LOI) 
The LOI measures the total amount of organics and gas-forming substances in the sand. 
Generally, they are present as fine debris in the crude sand. These materials reduce the 
refractoriness of the sand and increase the binder consumption, especially in the chemically 
bonded sand. This is a very important measurement for core castings as it gives an indication 
when carbonaceous additions to the mould are at a high level. Adequate sand control with 
respect to LOI is required in order to prevent gas-related defects, such as blowholes (Frink, 
2004). 
iv. Clay 
The clay content test measures the percentage of fine particles (less than 20 microns) in the 
refractory sand. These clay particles generally occur in silica sands. The presence of fine 
particles in the sand raises the moisture requirements of green sands, decreases the sand 
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refractoriness, and increases the chemical binder requirements. It is therefore important to 
limit the percentage of clay content to 0.5% by weight of sand. 
v. pH 
The pH is a measure of hydrogen ion concentration; it reveals whether the chemically soluble 
ions in water have acid or alkaline properties. Sand with a low pH is considered to be acidic 
while sand with a higher pH value is assumed to be basic. In resin-bonded sand systems, the 
pH is important in determining the type of binder to employ on a specific type of sand. It is 
suitable to use an acidic binder system with either a neutral or slightly acidic sand for 
successful mould production. Similarly, alkaline bonding resins should be applied to sand 
with a similar alkalinity. When the sand and bonding materials have different pHs, this 
difference will negatively impact the intended curing behaviour of the binders during sand 
moulding (De Hoyos-Lopez, Aguilar & Chavero, 2017). 
vi. Refractoriness 
Refractoriness is defined as the capacity of a foundry aggregate to resist high temperatures. A 
failure to resist high temperatures may result in interaction between the liquid metal and the 
sand mould. If the fusion temperature of the sand is low, it will fuse, and lumps of sand will 
be mixed with the metal. It is therefore necessary that the moulding sand should have a 
higher fusion point than the metal. In other words, sand mouldings must be able to resist the 
melt’s elevated pouring temperatures. It is imperative to note that different refractory sands 
have different fusion points, which means that the fusion point of the sand must always be 
higher than the melting point of any liquid melt to prevent defects such as sand burn-on 
(Arasu et al., 2017). 
vii. Specific gravity 
Specific gravity is a feature that provides the weight of a unit volume of sand. This property 
is also crucial to correlate the volume of sand to its mass and vice versa. The characteristic is 
useful for calibration of resin-bonded mixers and sand feeders (Kaarthik & Gokul, 2018).  
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viii. Moisture  
The moisture in the sand is most likely generated by water introduced while washing of the 
sand during the processing of foundry sand. A dry foundry sand grade is preferred in order to 
control the addition of moisture during milling, as well as the resulting sand strength. In 
chemically bonded sand systems, wet sands produce friable sand with low strength moulds 
and cores because of the dilution of the bonding materials caused by the water (Ihom et al., 
2011).  
ix. Grain shape  
Grain shape is one of the most important features of foundry aggregates in controlling the 
quality of the mould. The area of contact created by these particles is affected by this 
property in such a way that round sand grains pack together much more closely than sharp, 
angular sand particles due to the larger gaps between their non-touching surfaces. When sand 
with round crystals pack together, they form a smaller surface area in contrast to the sand 
with angular particles. As this surface area increases, the amount of binder must increase in 
order to adequately bond the sand. Round sand crystals have a reduced area and are preferred 
for producing cores because they require less bonding material (MDPI, 2020).  
2.3 Additive Manufacturing 
AM, by definition, is the method of laying down many thin layers of materials in succession 
to make solid 3D objects from computer generated 3D model data, which is different to 
technologies that use a subtractive process (Duda & Raghavan, 2016). A 3D image is 
generated using a computer with CAD (computer aided design ) software. This 3DP image is 
converted into a solid object using a 3D printer which constructs a solid object layer by layer 
using various feed materials such as polymers or powders in the form of metal or sand 
(Nelson, 2009).  
2.3.1 The History of Additive Fabrication 
In 1987 a manufacturing practice, founded on the principle of hardening thin sections of 
ultraviolet (UV) light-sensitive liquid polymer using a laser, emerged for the first time. From 
that point until now, various techniques of AM have emerged, producing objects either by 
fusion, deposition, curing, lamination, melting, jetting or extrusion. In 2005, ExOne’s 
ProMetal introduced a new technology that uses granular based material such as sand for AM 
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applications. A few years earlier, Z Corp released a “binder jetting” process, ExOne and 
Voxeljet used the same concept but focussed on different applications. The system uses sand 
as a raw material and an ink-jet mechanism in the production of sand components (Wohlers 
& Gornet, 2014). 
2.3.2 Applications of AM 
Layer-by-layer manufacturing has captured industrial attention as well as other scientific 
fields. With the current interest, this practice is continually being re-engineered, rethought 
and modified to broaden application varieties, for instance in automobile, aeronautic, 
pharmaceutical, ecosystem, food, and other industries. A number of AM applications in these 
various engineering fields include the rapid manufacturing for the production of end user 
parts in small batches, rapid tooling for the fabrication of manufacturing tools or moulds 
(Gaoa et al., 2015).  
2.3.3 AM Technologies 
Internationally seven families of AM technologies are currently identified  by the American 
Society for Testing and Materials (ASTM). They are material jetting, binder jetting, sheet 
lamination, material extrusion, powder bed fusion, directed energy deposition and vat 
photopolymerization (Petrie, 2020). 
2.3.3.1 Material extrusion  
This family of AM uses fused filament fabrication (FFF), also know as fused deposition 
modelling (FDM). Here, a molten material is pushed out through a hole or orifice in the form 
of beads or tracks, which will later be consolidated into multilayer patterns. Common 
varieties comprise thermoplastic extrusion under heat (similar to a hot glue gun) and syringe 
supply (Hybrid Manufacturing Technologies, 2018).  
2.3.3.2 Powder bed fusion 
Generally, powder bed fusion procedures use a higher powder density laser beam to liquefy 
and fuse metallic powder or polymers onto a working bed. Every time a layer is fused, a 
moving system will spread a new layer of fusion material. The current layer will therefore be 
fused to the initial layer (Gaoa et al., 2015). The most common metal powder bed fusion 
methods are direct metal laser sintering (DMLS), selective laser melting (SLM) and electron 
beam melting (EBM), selective laser sintering (SLS), selective heat sintering (SHS) and 
multi-jet fusion (MJF) (Dassault Systèmes, 2018). 
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2.3.3.3 Vat photopolymerization  
This AM family is made up of various techniques, specifically the stereolithography 
apparatus (SLA), digital light processing (DLP), scan, spin, and selectively photocure (3SP) 
and continuous liquid interface production (CLIP). They all share a common basic process in 
which layers of the fluid polymer in a vat are successively placed in contact with UV light of 
precise frequency and power and consequently cemented in selective fashion. A photo-
initiator (PI) molecule in the resin reacts to approaching light and, upon illumination, locally 
drives the polymerization response, which prompts hardening only in the exposed sections 
(Schmidleithner & Kalaskar, 2018). 
2.3.3.4 Material jetting  
Smooth curvatures printing (SCP) and multi-jet modelling (MJM) are the common methods 
used in the material jetting family, and technologies such as Polyjet and Projet are the most 
commercialised. The printer applies drops of material such as liquid photopolymer on the 
printing stage. The multiple heads of the spread material all come together to create each 
layer. The process is then carried out by passing a UV light onto the layers for curing 
purposes (Hybrid Manufacturing Technologies, 2018). 
2.3.3.5 Sheet lamination 
Laminated object manufacturing (LOM), selective deposition lamination (SDL) and 
ultrasonic AM (UAM) are all types of sheet lamination. This is a technique where paper is 
scattered on a surface by rollers, which dissolve polymer coating on the back of the paper and 
paste it with different layers. Utilizing an optical framework, the laser stream cuts the layer 
edges into the form of an object (Štefanić et al., 2012). 
2.3.3.6 Directed energy deposition (DED) 
Here, the various techniques are laser metal deposition (LMD), laser engineered net shaping 
(LENS) and direct metal deposition (DMD). Their common basic process consists of 
focussing thermal energy to fuse materials as they are deposited on a printing stage. It is 
basically a mechanized deposition welding type process (Hybrid Manufacturing 
Technologies, 2018). 
2.3.3.7 Binder jetting 
This technology uses fine particles as the base material along with a binder. The binder is 
selectively sprayed onto a thin layer of granular material to construct parts layer by layer.  
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(Upadhyay, Sivarupan & Mansori, 2017). The most available 3D printers are the Z Corp, 
ExOne and Voxeljet technologies.  
The Voxeljet advancements, for example, provide more adaptability, speed and geometric 
opportunity in comparison to regular systems, resulting in increased profitability. 3D printing 
technologies from Voxeljet are adaptable and can be custom-made for a wide variety of uses 
and industries. Voxeljet’s portfolio ranges from small 3D printers for experimental purposes 
to huge printing machines for modern manufacturing. Voxeljet’s specialities include the 
inventive 3D printing process, powder-binder-jetting. The procedure used by laser-based 
structures is tailored more for size, increased speed and efficiency, cost savings and the use of 
a more extensive variety of materials (Voxeljet, 2019). 
2.4 Rapid Sand Casting 
Rapid sand casting, or 3DSP (three-dimensional sand printing), is one of the AM 
technologies that directly produces moulds and cores using a casting process to produce 
castings. It is a product manufacturing practice that allows rapid fabrication of castings using 
sand. Rapid sand casting can produce small to large volumes and has the ability to create 
sand parts for specialised metal casting (Dady & Nyembwe, 2017b). 
There are different innovative AM technologies that are accessible to produce sand moulds 
and cores. This sand parts manufacturing method has gained prominence and industrial 
proliferation. This is because the rapid sand casting is a sophisticated binder jetting 
mechanism consisting of a liquid binder deposited successively on layer after layer of sand, 
pre-coated with a liquid catalyst. Voxeljet and ExOne machines are the most reputable 
models of 3D printing technologies for the creation of castable sand moulds and cores (Dady 
& Nyembwe, 2017b). 
2.4.1 Advantages of Rapid Sand Casting  
Rapid sand casting overcomes the majority of problems experienced in conventional 
manufacturing practices and offers the following advantages: 
 Reduced manufacturing expenses and times; 
 The capacity to make objects with incredibly complex geometries, that are 
particularly suited for their purpose;  
 The ability to drastically upgrade items and make materials with improved properties; 
 Cost-effective, low-volume and adaptable creation;  
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 Reduced need for expensive and dedicated tooling; 
 Reduced ecological impact;  
 Increased preparation for the computerized insurgency (i.e. the 'Web of Things' or 
'Industry 4.0') (Wu, Myant & Weider, 2017). 
The rapid sand-casting process is a self-hardening process based on inorganic resin and 
organic binders such as furan and alkaline phenolic resin bonded sand systems. Chemically 
bonded sand is generally utilised in casting for its greater dimensional accuracy and the 
superior mechanical properties of the casting produced. Although both the furan and alkaline 
phenolic resin systems are suitable for rapid sand casting, the furan system has been more 
extensively explored than the alkaline phenolic system. The furan system consists of an 
acidic activator (sulphonic acid) and furfuryl alcohol (FA) which deliver 3D polymer chains 
through acid solidifying reactions, polymerization and build-up. This polymer chain system 
(H-C bonds) is found in furan-bonded sand. It is the reason behind the sand particles’ 
cohesive strength, which is necessary to form solid 3D printed objects such as moulds and 
cores. This cohesive strength is necessary for the sand particles to maintain their integrity 
when in contact with the molten metal. The reaction between the furan and the sulphonic acid 
delivers a build-up response which produces water, in other words dehydration occurs, which 
is further inclined to impede the pace of setting and therefore influences the mechanical 
properties of the moulds and cores (Mitra, De Castro & El Mansori, 2019). 
Figure 2.4 shows a schematic representation of the binder jetting method used in 3DP 
technology, such as the Voxeljet furan-based printer. The Voxeljet system is equipped with a 
recoater that spreads a fine or slice layer of an acid-mixed sand on the printing platform. 
Afterwards, the print head, another component of the machine, sprays a resin binder onto a 
predefined cross-sectional area. The printing platform will then be lowered for a fresh layer 
of material. These steps are continuously repeated, one layer at a time, until a solid 3D object 
is formed from multiple layers of bonded material. The chemical response between the binder 
and the catalyst begins to take place within the area where the binder has wet the sand layer 
(Upadhyay et al., 2017). Further processing, such as oven curing at a specific temperature, is 
followed to achieve full cohesion of sand particles.  
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Figure 2.4 Schematic representation of 3D sand mould printing (Upadhyay et al., 2017) 
2.4.2 Implementation of Rapid Sand Casting  
The advent of rapid manufacturing technology has tempted foundries to utilise the 
considerable possibilities it offers. For instance, casting replicas were produced by AM and 
utilised to produce castings. Nevertheless, casting replicas were likewise made by the high-
speed milling process. A very important advancement in AM was the automatic building of 
the mould and core in a single step. Investment casting for example has benefited from AM, 
mainly in the manufacture of patterns made of wax, which are inserted in a slurry refractory 
material or in a plaster to produce a full cylindrical solid surrounding a mould chamber 
(Vosniakos et al., 2017). Today, a component can be printed rapidly without any use of a 
shell or plaster mould. 
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CHAPTER III: METHODOLOGY 
3.1 Introduction 
In this section, the research methodology is presented. First, an overview of the general 
methodology in the form of a diagram is presented. Subsequent sections give details of the 
methodology in terms of equipment and procedures. 
3.2   A General Overview of the Methodology 
The overall methodology consisted of four stages, as illustrated in Figure 3.1. 
 
Figure 3.1 Methodology overview 
This general methodology will be applied to the different aspects of the project, including:  
 Suitability of South African sand for the 3D printing of foundry moulds and cores; 
 Sourcing of local silica sands for AM applications;  
 Rapid sand-casting trials using a local ceramic sand, and  
 Sulphonic acid coating of refractory sand for 3D printing. 
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3.2.1 Collection of Raw Samples 
The raw materials used in this project are refractory sands and binders. Table 3.1 gives 
information regarding the types of refractory sands, sand suppliers and the origins of these 
sands and Table 3.2 provides information related to the binders and their origins. 
Table 3.1 Refractory sands  
Description Suppliers Origins 
Imported/Voxeljet sand Voxeljet Friedberg, Germany 
Cape Flats sand Atlantis Sand Cape Town, Western Cape, SA 
Delf Coastal sand Delf Sand Durban, Kwa-Zulu Natal, SA 
Cleveland sand Cleveland Sand  Vanderbijlpark, Gauteng, SA 
Sandy sand Sandy Sand  Cape Town, Western cape, SA  
ISOcast Ceramic sand Chemesystems Johannesburg, Gauteng, SA 
 
Table 3.2 Binding materials 
Description Composition Origins 
Resin FA  Voxeljet, Germany 
Activator Sulphonic acid Voxeljet, Germany  
 
The Voxeljet sand, resin and activator are  imported and distributed by the manufacturer of 
the Voxeljet VX 1000 3D printer and were made available by the VUT AMP. The rest of the 
raw materials were locally obtained from sand suppliers across SA.  
3.2.2 Characterisation of Raw Samples 
The raw materials used in this research were characterised in two ways. The physical 
characterisation included the particle size distribution (PSD), average grain size (AGS), LOI, 
sinter point, moisture, clay content, bulk density and specific gravity. The analytical 
characterisation involved the pH, ADV, x-ray fluorescence (XRF) and scanning electron 
microscope - energy dispersion spectroscopy (SEM-EDS). The techniques used in this 
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Table 3.3 Sand classification techniques with their relative testing standard 
Techniques Test methods 
PSD AFS 1105-00-S 
ADV AFS 1114-00-S 
Clay content  AFS 2111-04-S 
Specific gravity AFS 1116-00-S 
LOI AFS 5100-00-S 
Moisture AFS 2219-00-S 
pH AFS 5113-00-S 
Bulk density AFS 1130-00-S 
AGS AFS 1126-00-S 
XRF MCTS/SL/OP/8.5.11WI8 
Sinter point VDG-Merkblatt p26 
Tensile AFS 3307-00-S 
Transverse AFS 3306-00-S 
Friability AFS 2248-00-S 
Hardness AFS 3318-00-S 
Surface finish Presented in the appendix 
Scanning electron microscope (SEM) AFS 1107-00-S  
 
The American Foundry Society (AFS) is one of the organisations that produces standardised 
tests and methods for moulding materials in the metal casting industry. To ensure the 
accuracy and relevance of test results, test methods should be explicit, unambiguous and 
experimentally feasible, as well as effective. Test procedures are the crucial roadmap to 
ensure accuracy, repeatability and traceability of results.  
3.2.3 Specimen Manufacturing 
The preparation of test specimens was carried out using two methods, one of which was a 
conventional mould-making technique and the other an AM process. The number of 
specimens produced for each test was five, which allowed the testing of at least three samples 
and an extra two samples to compensate for spoilt specimens. The final result was calculated 
by averaging the three results. 
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3.2.4 Conventional Method 
The conventional specimen method is a four-step process. It consists of sand mixing, 
compacting or ramming, stripping and curing. The mixing was achieved using a 50 kg resin 
bonded sand batch mixer, the compaction was performed by hand ramming, and curing was 
conducted in a drying oven. Figure 3.2 shows a brief outline of the process involved in 
conventional specimen preparation and the equipment used in each step. 
 
Figure 3.2 Flow chart showing the sand equipment used for test specimens manufacturing 
3.2.5 AM Method 
The AM method, contrary to the conventional method, is a three-stage system, as illustrated 
in Figure 3.3. Test specimens are produced in layers by a 3D printer. This is followed by a 
cleaning phase, consisting of blowing off built-up residual granular materials. The specimens 
are then cured using the conventional method.  
 
Figure 3.3 Printing of specimen flow chart 
The Voxeljet VX1000 shown in Figure 3.4 was developed by Voxeljet AG, based in 
Germany, and is widely used in the manufacturing sector. This platform is housed at the 
AMP and uses a furan process sand. It was the major machine used to conduct this research. 
It is an automated system capable of producing medium-sized replicas and components from 
polymers and sand. This technology is economical, fast and easy to operate, and waste 
material generated by this equipment is recyclable. Sand parts produced by this machine, 
such as moulds and cores, are generated using the resin-bonded sand no-bake system in 
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which a resin is applied to the sand and the latter is cured by the acid activator (Upadhyay et 
al., 2017).  
 
Figure 3.4 Voxeljet VX 1000 3D printer (Voxeljet, 2019) 
3.3   Sand Testing 
This section covers the assessment of test specimens produced using various techniques 
already elaborated in the specimen manufacturing section. Sand testing is comprised of 
testing of sand specimens to determine their moulding properties, such as friability, tensile 
and transverse strengths, as well the hardness resistance and the surface smoothness. These 
moulding properties were evaluated using specific standard testing procedures which are 
recorded in Table 3.4. The testing for each moulding property was assessed on three samples, 
then averaged. 
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Table 3.4 Different tests with their relative standards 
Tests Standards 
Tensile AFS 3307-00-S 
Transverse AFS 3306-00-S 
Friability AFS 2248-00-S 
Hardness AFS 3318-00-S 
Surface finish Manufacturer Operating Manual (Appendix) 
 
The tests were conducted using the AFS’s international set of tests and methodologies which 
the metal casting industry uses as standards for testing moulding materials.  
3.4   Equipment 
In this study, the equipment listed in Table 3.5 was used to perform the analysis and testing 
of sand and the moulding sand. The testing and analysis consisted of evaluating both the 
physico-chemical characteristics and moulding properties of the raw and prepared sands. 
Table 3.5 Various foundry laboratory equipment 
# Description 
1 EcoPlate heating plating 
2 EcoPlate heating plating 
3 Digital balance 
4 Simpson clay washer 
5 Olympus SZ61 stereo microscope 
6 Muffle furnace 
7 Ultra-furn high temperature furnace 
8 FHM magnetic stirrer 
9 Ridsdale universal sand strength machine 
10 Knick pH-Meter 766 Calimatic 
11 Filtra sieve shaker 
12 Tescan Vega 3XMU SEM 
13 ZSX Primus II Rigaku XRF machine 
14 Labotec oven 
15 Versatile sand mixer 
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3.5 Subsequent Methodologies  
This section broadens the general research methodology, which is divided into sub-section 
methodologies and organised as to the function of the stated research objectives:  
 Determination of South African silica sand suitability for the 3DP of foundry moulds 
and cores 
 Investigation of different local silica sands for AM applications  
 Investigation of a local ceramic sand as an alternative to the imported silica sand on 
the 3DP applications 
 Investigation of the effect of the sulphonic acid coating of silica sand on 3DP 
applications 
 
3.5.1 Suitability Investigation of One South African Silica Sand for the 3DP  of 
Foundry Moulds and Cores 
Two silica sands were utilised during this process. One of them was the imported silica sand, 
and the other the Cape Flats sand, chosen for of its excellent reputation in sand casting 
applications. The testing was completed in three phases: classification of foundry sands, 
assessment of foundry characteristics and 3DP recoating preliminaries. The sand was tested 
on the Voxeljet VX 1000 at the VUT AMP.  
1. Characterization of refractory sands 
Both foundry aggregates were analysed for the following properties: 
 PSD 




 Sintering point 
 Clay content 
 Bulk density 
 Specific gravity 
 Silica content 
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 Grain shape 
Strategies prescribed by AFS were followed to define all the above properties of the sands. 
The silica content was resolved separately by the XRF method, which is explained in the 
Appendix.  
Standard sand test pieces were printed on the Voxeljet from each sand. Each sand was 
preblended with an acid activator, namely sulphonic acid. A portion of each material was 
kept in a raw state, and another portion was washed. The washing procedure was carried out 
according to AFS methods – in a hot solvent of sodium tetraphosphate and then water 
cleaned. The cleaning operation removed the residual sulphonic acid activator from the sand 
particles. Washed sand was kept in the drying oven at 100 °C for 120 minutes. 
2. Determination of foundry properties 
The test pieces were evaluated in terms of tensile and bend strengths. The drawing and 
measurement of test pieces were carried out according to AFS criteria. The test pieces were 
evaluated for the following properties:  
 Tensile and bend strength 
 Friability 
 Hardness 
 Surface finish 
Designated laboratory testing equipment as well as appropriate test procedures stipulated by 
Ridsdale and Ridsdale DieterT (Ridsdale and Ridsdale DieterT, 2009) were used to determine 
the moulding properties (such as friability, hardness, tensile strength and bend strength). The 
evaluation of surface smoothness was analysed and performed using a TIME apparatus TR 
110 (Time Group Inc, 2007).  
Standard sand pieces were assessed in their baked and unbaked states. Following a day of 
storage to allow complete self-curing at ambient temperature, the uncured test pieces were no 
different from the baked test pieces that were placed in a drying unit at 110 °C for 120 
minutes (Nyembwe et al., 2016a).  
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3. 3DP recoating trial 
The impact of recoating behaviour on the local material was assessed using the Voxeljet 
VX1000 printer. The preliminary result was obtained by visual observation of the above 
behaviour carried out on flat printed sand components in order to detect ditches. 
3.5.2 Investigation of Different Local Silica Sands for AM Applications  
Additional investigation was carried out to expand on the suitabilitility of the initial local 
silica by considering three additional local silica sands for possible 3DP practices. Three 
different silica sands were sampled for this section of the investigation. Cleveland, Delf 
Coastal and Sandy sands were the three additional reputable foundry grade local materials. 
Their properties were assessed in contrast to the properties of the imported silica sand. 
Classification of these materials was one aspect of the investigation, and the other aspect was 
the assessment of their foundry properties. This exercise was conducted at the University of 
Johannesburg (UJ) foundry testing research centre. Classification encompassed material 
particle size distribution to understand the dispersion of sand crystals and the sand grain 
morphology analysis was conducted on a SEM. With regard to sand moulding properties, the 
mould disintegration resistance or friability test was conducted as well as the tensile and bend 
strengths. Again AFS procedures were used to perform various tests on the sands, such as 
SEM, LOI, XRF, sieve analysis, sulphonic acid coating, 3DP, tensile strength, bend strength 
and friability (American Foundry Society, 2012).  
The moulding properties of each prepared batch of sand were assessed. The preparation of 
each batch was in accordance with the methodology developed in the Foseco Foundryman’s 
Handbook (Brown, 2004). A defined mass of each sand was blended with 0.1 wt % of 
furfuryl alcohol resin and 50 wt % of sulphonic acid catalyst. To ensure complete mixing, the 
blending time was set at 5 minutes. After mixing the sand, it was oven dried at 100 °C for 
half a day. The standard test pieces were produced by hand ramming prepared sand into 
related sand patterns and allowing the pieces to self-cure for a day prior to analysis. It should 
be noted this mixing method was applied to local sand to match the properties of the imported 
silica sand.  
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3.5.3 Investigation of a Local Ceramic Sand as an Alternative to the Imported Silica 
Sand on the 3DP Applications 
Silica sands have shown their limitations since they cannot withstand temperatures above 
1550 
o
C and mechanical stresses during the casting of special alloys (Polzin, 2014). 
Investigation of ceramic sand, as an alternative to the imported silica sand, was therefore 
undertaken. 
 A four-step methodology including raw material characterisation, sand preparation, AM and 
sand testing, was followed for this investigation. Table 3.6 presents the steps of the 
experimental work with the related techniques and equipment used. 
Table 3.6 Steps of the experimental work 
Experimental work 
steps 














1. Tescan SEM 
2. WIRSAM 
XRF 






Sulphonic acid sand 
coating 
Mixer 
3. AM Three-dimensional 
printing 
Voxeljet VX 1000 
3D printer 






Two refractory sands were used in this study, including a Voxeljet or imported silica sand 
(suggested by the OEM producer) and a locally sold ceramic sand. Various characterisation 
techniques, as listed in Table 3.6, were used to analyse the grain shape, the substance 
composition, the size dispersion and cleanliness of these materials. 
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The local ceramic sand was firstly coated with sulphonic acid in a cement mixer, as shown in 
Figure 3.5. The addition of sulphonic acid was maintained at 0.1 wt % for a batch of 50 kg of 
sand to ensure a homogeneous coating. After mixing the sand, it was oven dried at 100 °C for 
12 hours to finalise the sand preparation, as shown in Figure 3.6. The imported silica sand 
was supplied already precoated, and no additional sand preparation was required prior to AM. 
AM to produce sand test specimens and sand moulds was carried out using the Voxeljet VX 
1000 3DP at the VUT AMP. 
 
 
Figure 3.5 Cement mixer used for sulphonic acid coating of refractory sands 
 
Figure 3.6 Drying of precoated sand in the oven 
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Figure 3.7 Progressive 3DP of ceramic sand mould components on a Voxeljet VX 1000 
Figure 3.8 shows the printed ceramic sand test specimens and mould components ready for 
testing and visual examination. For each refractory sand considered in this investigation, 45 
sand test specimens were printed according to AFS procedure (American Foundry Society, 
2012), including 10 tensile, 10 bending and 25 friability test specimens. The planned number 
of sand test specimens required to be 3D printed for each refractory sand was determined by 
taking into account possible spoil of specimens during testing or handling and that reliable 
results for mechanical properties should be obtained from an average of the results. 
 
Figure 3.8 Printed sand mould components and sand test specimens ready for testing 
Printed sand specimens were tested for tensile, bend and friability resistance in the uncured 
and cured state. Curing of samples consisted of heat treatment in a muffle furnace at 110 °C 
for one hour. AFS sand testing procedures were followed to establish the strength and 
friability resistance of the sand specimens (American Foundry Society, 2012). Figure 3.9 
shows the various Ridsdale-DieterT accessories and equipment used for sand testing 
(Ridsdale and Ridsdale DieterT, 2009). The recorded mechanical test result was the average 
of the measurements of three appropriate sand specimens.  
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Figure 3.9 Sand testing accessories and equipment: (a) tensile test; (b) bend test; (c) friability 
test equipment (Ridsdale and Ridsdale DieterT, 2009). 
3.5.4 Investigation on the Effect of Sulphonic Acid Coating of Silica Sand on 3DP 
Applications 
Further study was focused on the 3DP material blending consisting of coating a refractory 
sand with sulphonic acid in order to determine the optimum sulphonic acid addition for 
required mechanical properties of sands.  
The raw materials used in the study include Cleveland silica sand and sulphonic acid 
produced locally. Table 3.7 shows various characteristics of this refractory sand. The particle 
distribution in terms of size is shown in Figure 3.10. This sand, used by local foundries in the 
Gauteng region, was found to have suitable properties for 3DP. 
Table 3.7 Cleveland sand characterisation results 
Properties Cleveland sand 
pH 6.91 
Size distribution 57.0 
Relative density 2.62 g/cc 
Bulk density 1.52 g/cm
3 
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Figure 3.10 Cleveland sand grain size distribution 
3.5.4.1 Experimental procedure 
The followings steps were conducted in the experimental procedure:  
i.  Sand coating 
The sand was coated by adding sulphonic acid to 50 kg of silica sand in a foundry batch sand 
mixer. The sulphonic acid addition was determined at 0.3%, 0.6% and 0.9% per weight of 
sand. The mixing time was maintained at 5 minutes per batch of sand. The prepared coated 
batches of silica sand were then stored in sealed plastic buckets prior to AM in order to 
prevent acid evaporation or moisture absorption.  
ii. Flowability measurement 
The sand flowability was measured immediately after mixing, after 24 hours and after 48 
hours to establish the impact of shelf life on the flowability. Figure 3.11 illustrates 
schematically the determination of the flowability in terms of angle of repose.  
 
Figure 3.11 Illustration of sand granules on cylindrical support displaying an angle of repose 
αr 
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Generally, the flowability measurement of granular materials suggests that the lower the 
angle of repose the higher the flowability, with values in the range between 25 to 45 being 
considered acceptable (Lumay et al., 2012). 
iii. 3DP 
Transverse and tensile test specimens were produced on a Voxeljet VX 1000 3D printer. The 
geometries and dimensions of specimens were according to AFS standards. The specimens 
were then oven cured at 105 °C - 110 °C for 240 minutes to allow the complete bonding of 
sand particles. 
iv. Testing 
The mechanical properties of the test sand specimens produced by 3DP were assessed in 
terms of tensile and transverse strengths. A universal strength test machine was used for 
strength determination following the AFS mould and core test procedures. 
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CHAPTER IV: RESULTS AND DISCUSSION 
4.1  Introduction 
This section presents and discusses data derived from the outcomes of the study. These 
outcomes comprise results shown in the tables, charts, graphs and figures. They are organised 
as a function of the research aims. 
4.2  Suitability Investigation of South African Silica Sand for the 3DP  of 
Foundry Moulds and Cores 
4.2.1 Properties of Silica Sands 
Moulding characteristics of both Voxeljet and Cape Flats sands were obtained before and 
after washing these materials, as shown in Table 4.1. 
Table 4.1 Properties of refractory sands 
Sand Parameters 
Voxeljet sand Cape Flats sand 
As received Washed As received Washed 
ADV [ml] 0.00 0.55 0.00 1.02 
AFS Grain Fineness 66.00 67.00 48.00 51.00 
AGS [µm] 211 223 326 328 
Bulk Density [g/cm
3
] 1.53 1.58 1.64 1.75 
LOI [%] 0.53 0.40 0.20 0.20 
pH 4.68 7.58 4.18 8.05 
SiO2 [%] 97.00 97.00 98.00 98.00 
Sinter Point [°C] 1500 1600 1600 1600 
Specific Gravity [g/cc] 2.63 2.62 2.64 2.62 
Total Clay Content [%] 0.56 - 0.48 - 
 
The fineness, silica content, LOI, amount of clay particles, along with specific gravity, are the 
significant differences between these materials: 
 The AFS and AGS of sand crystals’ size are presented as a numerical value. A 51 
AFS value was recorded from the Cape Flats sand and 67 from the Voxeljet sand. The 
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lower AFS value of the local material shows that it is coarser (Nyembwe et al., 2016a) 
than the imported sand particles. This pattern behaviour is also seen while observing 
the AGS data. The variance in material particle size suggests that smoother cast 
products could be produced from the Voxeljet sand than from the Cape Flats sand. 
Nonetheless, the local sand frequently had parts with superior permeability than the 
parts generated from the imported silica sand. Therefore, products cast from the 
locally produced sand would be less prone to defects relating to gas (Ajibola, 
Oloruntoba & Adewuyi, 2015).  
 The Cape Flats sand, having a level of purity of 98% silica content after washing 
seems, by all accounts, to be slightly cleaner than the imported material with a purity 
level of 97%. This would render the local sand marginally more heat resistant than the 
imported material, as per the fusion test data of the sand before washing. The fusion 
point of the local sand in the unwashed state was recorded as 1600 °C – greater than 
the fusion point of the imported material which was 1500 °C. In this instance, the 
local moulding aggregate appears to be more appropriate for casting various metals 
with elevated melting and tapping temperatures, for example various steel grades 
(Nyembwe et al., 2016a).  
 The value of the LOI of the local material before washing is equal to 0.20% which is 
much lower than the LOI for the imported material before washing, which is equal to 
0.53% and 0.40% after washing. This perception seems, by all accounts, to be in 
accordance with the difference in the amount of clay between these foundry moulding 
aggregates. In connection with the amount of clay present in the sand, the local 
material has 0.48%, contrasted with the imported silica sand with a clay content of 
0.56%. The differences in LOI and amount of clay particles in these materials prove 
the past perception about the material purity in terms of silica content and strengthen 
the fact that the local material is purer with far fewer contaminants than the imported 
material. 
 These materials show steady specific gravity at around 2.63 g/cm3. In any case, their 
bulk densities appear to show that 1.75 g/cm
3
 was yielded by the Cape Flats sand after 
being washed and appears to be denser than the Voxeljet sand with 1.58 g/cm
3
. Such a 
distinction in specific gravity values may perhaps demonstrate that the local material 
has a much denser particle packing structure than the Voxeljet sand.  
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The sand particle size distributions in the crude state and after washing of both materials are 
shown in Figure 4.1a and b. A significant distinction between these materials is observed 
with respect to the particle size in the bulk of each material. According to particle size 
distribution, over 80% of the imported material crystals are found in the range of 75 µm to 
212 µm and also the same in percentage, whereas the local material particles are in the range 
of 106 µm to 425 µm. The variance related to particle size distribution justifies the contrast 
between the AFS value and the AGS of particles shown in Table 4.1. Furthermore, the 
distributions of these sands, seen in Figures 4.1a and b, shows that the local material has a 
wider range of particles than the imported materials. On account of this distinction in particle 
size spread, the local silica sand could be significantly inclined to an isolation of sand 
particles – a phenomenon whereby small crystals isolate from larger ones causing 
inhomogeneity in the bulk sand (Nyembwe et al., 2016a). Unlike the imported material, the 
above phenomenon could cause jamming of the 3D printer sand spreading mechanism on the 
printing platform. 
 
Figure 4.1 Size distribution of silica sands 
The grain morphology images of these two sands obtained from the scanning electron 
microscope are shown in Figure 4.2. In terms of grain morphology, it appears that the local 
material is rounder and spherical in shape than the Voxeljet sand which is morphologically 
elongated with a higher angularity trait. The distinction in grain morphology is linked to their 
bulk densities presented in Table 4.1. Generally, sand with round and greater sphericity 
compacts much better than sand particles with the opposite morphological features 
(Nyembwe et al., 2016a). Based on moulding theory, the local material will produce moulds 
with a higher rigidity and density. 
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Figure 4.2 SEM images of particles’ grain morphology 
4.2.2 Foundry Properties of Sand Specimens 
The strength results of these sands in terms of tensile and bend, obtained in both cured and 
uncured states, are presented in Figure 4.3. The baking of standard test pieces raises the 
tensile and bend properties. The local and imported silica sands produced a similarity with 
respect to tensile and bend strengths equivalent to 150 N/cm
2
 and 275 N/cm
2 
respectively, 
after baking of the standard test pieces. 
 
Figure 4.3 Sand specimens’ tensile and bend strengths 
Taking into account that the two materials were prepared by coating the sand particles to 
about 0.3% sulphonic acid, the slight variances in bend and tensile properties between these 
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materials, as depicted in Figure 4.3, were viewed as not critical in the tolerated range of sand 
testing errors. It does not create any tangible distinctions in sand moulding parameters that 
could influence the sand strength behaviours. 
The uncured and cured state hardness values for the local and imported refractory sands are 
shown in Figure 4.4. It appears that the baking of standard test pieces in the oven was not 
influenced by the baking temperature as it remained consistent between 91 to 94 hardness B-
Scale. No critical variances were recorded between the two materials with respect to hardness 
of the test pieces. Once again, the dissimilarities of material properties did not portray any 
variance as related to hardness of sand components between the two prepared sands (in the 
uncured and cured states). 
 
Figure 4.4 Sand specimens’ hardness results  
The values of friability obtained in the uncured and cured states obtained from test pieces of 
both local and imported materials are shown in Figure 4.5. There is a 53% decrease in 
friability in the case of both sands. The friability did not yield any substantial difference 
between these two materials in either state. A value of 17% was yielded by the local sand and 
15% for the imported silica sand. The distinctive sand characteristics of both sands did not 
impact the friability which is influenced by the amount of chemical binder in the resin 
bonded sand. It is expected that sand with a lower friability percentage has a greater 
resistance to mould erosion (Nyembwe et al., 2016a). 
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Figure 4.5 Sand standard test pieces’ friability results 
These two sands’ surface finish test values obtained in the uncured and cured states are 
shown in Figure 4.6. The oven baking of the test pieces did not impact the surface 
smoothness of sand specimens. A rougher surface finish was observed with the local 
material, unlike the imported silica sand test pieces which produced a greater surface 
smoothness. This behaviour is in accordance with the difference between these materials’ 
particle fineness, as shown in Table 4.1.  
 
Figure 4.6 Mould surface roughness results 
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4.2.3 Recoating Behaviour of Local Silica Sand 
The imported sand’s preliminary data obtained at the Voxeljet facility are shown in Figure 
4.7. The assessment results presented by the above company showed that, in spite of the fact 
that the local material was coarser, the surface of the sand component looks smooth and 
evenly constructed (Mogele, 2016).  Nonetheless, the recoating surface was not as smooth as 
the imported silica sand, which will result in an increased surface roughness to the printed 
part. Poor surface finish of a mould or casting generally results from sand with a coarser 
particle size (Yan-fei et al., 2011). It was therefore expected that the parts produced by the 




Figure 4.7 Mould surface quality produced from AM trial on a Voxeljet VX 1000 using the 
imported silica sand 
 
4.3 Investigation of Different Local Silica Sands for AM Applications 
4.3.1 Sand Characterisation 
Characterization was carried out on four different sand samples from different origins (three 
local samples and one imported) to ascertain their chemistry and morphology. Their chemical 
composition, including the LOI, was ascertained using XRF, while their morphology was 
determined using the SEM-EDS.  The summarised results of the characterization of the as-
received silica sands are shown in Table 4.2. The results reveal that the local foundry 
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materials showed grain fineness ranging from 49 to 53. These sands have bigger crystals than 
the Voxeljet sand at 67. Sands with bigger particles offer a superior trade-off by providing 
better permeability, coupled with a satisfactory surface smoothness of metal components 
which are favoured for conventional sand-casting practices. Sand with finer particles, such as 
the  imported silica sand for the Voxeljet VX 1000 printer, create castings with a smooth 
surface finish but with a possible disadvantage of gas deformity (Brown, 2000). 




Cleveland Delf Coastal Sandy Sand 
ADV [ml] 0.55 2.00 1.00 0.00 
AFS grain fineness 67.0 53.0 49.0 50.0 
AGS [µm] 224.0 304 339 220 
Bulk density [g/cm
3
] 1.58 1.59 1.54 1.55 
LOI [%] 0.39 0.39 0.35 0.49 
pH 7.58 8.22 6.20 4.02 
SiO2 [%] 97.0 98.0 97.0 97.0 
Sinter point [°C] 1600 1400 1450 1450 
Specific gravity [g/cc] 2.62 2.64 2.65 2.64 
Total clay content [%] 0.00 0.90 0.40 0.50 
 
Sand particle size distribution of different sands are shown in Figure 4.8. It can clearly be 
seen that local moulding aggregates offer a wider spread in terms of particle distribution in 
contrast to the moderately narrower spread of the imported silica sand. The particle size 
dispersion of local materials extends from 850 µm to 53 µm, whereas the dispersion for the 
Voxeljet sand spreads somewhere in the range of 300 µm and 75 µm.  
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Figure 4.8 Distribution of particle size for various materials 
Generally, tighter particle size dispersion is favoured to avoid particle inhomogeneity of the 
sand. The latter situation could cause displacement of larger sand crystals during the 3DP. 
Such a situation would lead to AM recoating anomalies on the surface of the produced parts. 
Furthermore, particle inhomogeneity could be the cause of poor surface smoothness of the 
printed objects, which could be seen on the finished casting. Then again, sand with wider 
distribution, as in the local materials, reduced sand expansion related defects, including hot 
tears and scabs (Beeley, 2001). The sand particles’ morphology revealed by the SEM is 
shown in Figure 4.9. The crystals’ morphology could be classified as spherically medium to 
angular. 
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Figure 4.9 Crystal morphology of various refractory sands: (a) Imported silica sand, (b) 
Sandy sand, (c) Delf Coastal sand, (d) Cleveland sand 
The grain morphology images of these sands do not show any significant variances with 
respect to grain shape. Most often, adequate foundry grade sands contain particles which are 
spherically medium and rounded in shape, as can be observed in Figure 4.9, providing great 
permeability and flowability coupled with improved mechanical properties, such as strength 
with minimum binder level addition (Dady & Nyembwe, 2017a). Also, sands with rounder 
particles have the tendency to compact easily during the AM procedure, giving a denser form, 
along with greater mould mechanical strength (Beeley, 2001). Based on the grain 
morphology images of these sands, the imported sand does not portray any superiority over 
local sands. 
The acid demand values of the four engineering materials fall between 0 and 2. The lowest 
ADV is most suitable for the no-bake resin bonded sand system using acid resins such as 
furan. For this reason, Sandy sand was observed to be a superior material with respect to this 
property, followed by the imported silica sand. Although the Cleveland and Delf Coastal 
have slightly higher ADV, they can still be considered for mould making using acid binders. 
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There is a substantial difference in pH data obtained from the silica sands. A lower pH 
indicates that the sand is the more acidic the sand and a higher number indicates that the sand 
is more basic. For these reasons, materials with pH values between zero and seven (acidic to 
neutral) are therefore suitable for furan resins. This would mean that Sandy would be the 
most appropriate sand, followed by Delf Coastal, imported silica sand and Cleveland sand the 
least. 
There is a variation of material particle size in terms of AGS. Materials such as Cleveland 
and Delf sands appear to have coarser crystals with sizes, for example, of 304 µm and 339 
µm respectively. On the other hand, Sandy and the imported silica sand have finer particles. 
Here, the finest sand is Sandy, with a size of 220 µm, followed by the imported silica sand 
with a size of 224 µm. To promote smoother sand 3DP operations, sand with the lowest AGS 
is ideal since this prevents jamming of the printer (Dady & Nyembwe, 2017a).  
The various bulk density results observed among different sands did not show any significant 
difference. They all have relatively similar and appropriate values in terms of bulk density, 
making them ideal for foundry production parts, essentially moulds and cores. 
The specific gravity of these sands, in turn, also shows similarity in value and are within the 
foundry specifications for mould making. 
The LOI values of the four moulding aggregates are within the foundry limits but the lowest 
value was obtained by Delf Coastal with 0.35, followed by the imported silica sand and 
Cleveland, which both have the same value, and then Sandy, which is slightly higher than the 
rest of the sands. The lower this amount, the fewer the gases generated during the casting 
process and the environmental pollution will also be lower. 
The clay content is an indication of finer particles in the bulk sand. A foundry-grade sand 
contains fewer fine particles. The lower the amount of clay, the lower the surface area and 
therefore the fewer the contact points between sand crystals. This, in turn, reduces the binder 
requirement during sand preparation. The imported silica sand with non-existent clay content 
is therefore superior in this regard, followed by Cleveland and Delf, with Delf yielding the 
poorest value. 
The level of foundry silica sand cleanliness is determined by the SiO2 content. The higher this 
value, the cleaner the sand. Cleveland appears to be superior with regard to this characteristic 
and the rest of the materials having equal purity levels. 
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The imported silica sand yielded the highest value of sinter point, followed by the Delf sand 
and Sandy sand with an equal amount and Cleveland the laggard. The sinter or fusion point is 
a property that determines the refractoriness of sand, which is the ability of sand to withstand 
higher melt temperatures and prevents the casting from suffering heat-related defects. This is 
unfortunate for the sand which has low refractoriness. However, steady cores and moulds that 
are compatible with all pouring temperatures and alloy systems are produced from silica sand 
with a higher sinter point (Asuquo et al., 2013). 
4.3.2 Resin-Bonded Sand Properties 
Figure 4.10 presents various sands’ mechanical moulding behaviours recorded as tensile and 
bend strengths. It shows that the Cleveland and Delf sands produced the weakest standard test 
pieces when uncured. Sandy sand yielded better moulding properties, followed by the 
imported silica sand.  Numerous intrinsic parameters related to the refractory impact define 
moulding behaviours of sand test pieces, such as grain morphology, particle size, ADV of the 
moulding aggregate and the percentage of clay. 
 
Figure 4.10 Mechanical strength in terms of tensile and bend 
Various sands’ friability results are presented in Figure 4.11. Greater ability of a mould to 
resist friction is determined by a lower friability percentage.  
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Figure 4.11 Various silica sands’ friability test results 
The Voxeljet sand’s ability to resist mould disintegration is far lower. Sandy sand seems, by 
all accounts, to be the leading material among these considered aggregates. It has a lower 
friability score than the Voxeljet sand. Such a noticeable friability difference observed 
between the imported sand and the local sands is perplexing yet constitutes a significant 
benefit for sands locally produced.  
4.4 Investigation of a local ceramic sand as an alternative to the imported 
silica sand for the 3DP applications 
4.4.1 Sand Characterisation 
4.4.1.1 Grain shape 
Figure 4.12 shows the sand grain shape as obtained by SEM for the two refractory (imported 
and local) sands. The grain shape is generally defined in terms of two parameters, namely the 
angularity and sphericity.  
It can be seen that the ceramic sand is characterised by a well-rounded and high sphericity 
grain shape, compared to the imported silica sand which is angular and has a medium-to-low 
sphericity in grain shape. Spherical grain-shaped sands could free flow and compact better 
during AM processes, leading to denser and stronger parts. With regard to the grain shape, 
ceramic sand would appear to be better than silica sand yielding a reduced surface area due to 
the round and spherical sand particles of the ceramic sand (MDPI, 2020).  
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Figure 4.12 Grain shape test results of the two refractory sands: (a) Imported silica sand, and 
(b) Ceramic sand 
 
4.4.1.2 Grain size distribution 
Crystal size distribution of the different sands in terms of percentage retained on a series of 
ASTM sieve system is shown in Figure 4.13. 
 
Figure 4.13 The two sands’ crystal size distribution 
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It can be observed that the imported silica sand is finer than the ceramic sand. Foundry sand 
with larger particles will yield poor surface smoothness of castings contrasted with sand with 
finer crystals. Then again, foundry sand with coarser particles results in higher breathability 
of the mould, which is ideal for chemical-bonded sand.  
It also appears, from Figure 4.13, that the ceramic sand has a narrower size distribution 
compared to the imported silica sand. Generally, tighter particle dispersion is ideal to avoid 
segregation of particles in the bulk sand. Should such a situation exist, it will cause 
inhomogeneity of sand particles during the 3DP process. Consequently, the AM recoating 
will spread the sand in an even manner causing observable ditches on the printed moulds or 
cores. In addition to sand with a narrow size distribution; the sand particles’ peak diameter 
should not exceed the layer height (300µm) as this might cause recoating anomalies such as 
drag marks. 
Table 4.3 shows the chemical composition in terms of percentage of SiO2 content and LOI. 
The ceramic sand as alumino-silica sand has a low silica content compared to the imported 
silica sand. The percentage of Al2O3 in ceramic sand was found to be 73.3% conferring on 
the sand a low thermal linear expansion, superior refractoriness with higher melting point up 
to 2053 
o
C making aluminium one of the strongest refractory oxides compared to the 
imported silica sand (Wang, 2014). 
Table 4.3 Properties of refractory sands 




LOI 0.55 0.30 
 
Table 4.3 also shows that the two sands had different LOI values. The LOI is directly related 
to the content of fine particles/substances in the bulk sand. It appears that the imported silica 
sand has a higher particle size distribution, suggesting finer sand particles compared to the 
local ceramic sand. 
Rapid sand-casting practices using 3DP technology are essentially based on the resin-bonded 
sand moulding process. As such, the chemical characterisation of the activator coated 
refractory sand, in terms of percentage SiO2 and LOI, directly influence the pH and the acid 
demand of the moulding material, which in turn affects the strength and quality of the 
resulting bond developed by the resin and the activator during the layer-by-layer 
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manufacturing. In the study at hand, the local ceramic sand raw material appears to have a 
different grain shape, different size distribution and different chemical compositions. These 
factors could possibly interplay on the final mechanical properties of the AM sand specimens 
produced on the Voxeljet printer. As already discussed, grain shape affects the sand surface 
area, which increases when sand particles are angular and decreases when the particles are 
spherical. The size distribution affects the mould quality and breathability and finally, the 
chemical composition determines the level of sand purity which can affect the binder 
behaviour during sand preparation (De Hoyos-Lopez et al., 2017). 
4.4.2 Mechanical Properties 
The outcomes of the tensile and bending strengths for both sands are presented in Figure 
4.14. It can be observed that the ceramic material seems to yield a stronger tensile value than 
the imported material whether uncured or cured. This could be explained by the better grain 
morphology due to the high sphericity of particles.  
 
Figure 4.14 Tensile and bending test results of the imported and ceramic sands 
Figure 4.15 displays the friability resistance of multiple sand test specimens. A decrease in 
friability percentage suggests higher resistance to mould erosion during mould filling with the 
molten metal (Nyembwe et al., 2016b). 
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Figure 4.15 Friability resistance of the different refractory sands 
The ceramic sand exhibits the highest resistance to friability in the uncured state and the 
lowest in the cured state. This is possibly due to certain unexplained thermal-physical 
conditions, which favour the ceramic sand in the uncured state but not in the cured state. Low 
friability is desirable to maintain mould edges, corners, parting lines and mould surfaces, 
which otherwise can be damaged or abraded during moulding, core setting, handling and 
metal pouring (Ramrattan et al., 2010). On the other hand, imported silica sand shows the 
opposite behaviour. The latter has the highest friability resistance when cured and the lowest 
in the uncured state. Results of friability tests appear to indicate that there is no material 
superior to the other under these two conditions.  
Visual examination of sand mould components produced using the ceramic sand did not 
reveal any defect. The AM using the ceramic sand was optimised after some trial and error by 
adequately controlling the flowability of the precoated sand after oven drying. It was found 
that the sand’s flowability decreased after the coating, which caused the recoater in the 
Voxeljet VX1000 to clog. The clogging was caused by sand agglomeration into small lumps. 
After mixing, the sand was kept in a drying unit at a temperature of 100 °C for 12 hours, in 
order to dry it. The flowability of the sand increased significantly after baking. The Voxeljet 
VX1000’s recoater gap and recoater speed had to be adjusted according to the flowability of 
the various sands. 
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4.5 Investigation on the Effect of Sulphonic Acid Coating of Silica Sand 
for 3DP Applications 
4.5.1 Coated Sand pH 
Figure 4.16 shows the relationship between the pH variation of sands and different sulphonic 
acid concentration and storage time. These data revealed that the pH for the different batches 
of sand in terms of catalyst addition increased as time elapsed. This variation of pH over time 
could possibly suggest a concomitant loss of sulphonic content in the sand. This could be due 
to evaporation of the catalyst at room temperature. Another possible explanation could be the 
neutralisation of acid over time. 
The above phenomenon could alter the effectiveness of the catalyst in hardening the resin 
bonded sand during 3D printing, resulting in the production of weak sand parts.  
 
 
Figure 4.16 pH changes as a function of time 
4.5.2 Flowability Measurement 
Variation of the angle of repose for the addition of the catalyst as a function of the storage 
time after mixing and prior to the 3D printing is presented in Figure 4.17. It appears that: 
 The flowability of the sand decreases (higher angle of repose) as the percentage of 
sulphonic acid addition increases. This suggests that too much addition of catalyst 
could cause recoating problems during the AM process. The coating could be serving 
as a glue causing agglomeration of sand and consequently preventing mobility of sand 
particles during 3DP (Miyanaji et al., 2020).  
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 The level of flowability of the coated aggregate appears to improve (lower angle of 
repose) as time elapses. As the sulphonic acid content decreases with time, the 
flowability of the coated sand evolves towards the better flowability of the uncoated 
sand (lower angle of repose). 
 
 
Figure 4.17 Flowability results as a factor of time variations 
The results obtained from Figure 4.17 show that there are two competing phenomena at play: 
the loss of the catalyst with time and the increase of flowability with time. The first 
phenomenon will impact on the hardening process of 3D printing, while the second 
phenomenon will affect the layer-by-layer manufacturing.  
4.5.3 Three Dimensional Printing  
Figure 4.18 shows the 3DP sand specimens produced on the Voxeljet VX 1000 printer after 
baking silica sand to which only 0.3% and 0.6% sulphonic acid was added. The silica sand 
with a 0.9% sulphonic acid coating could not be used for 3DP of the sand specimen due to 
clogging of the printer’s recoater, as shown in Figure 4.19. The 0.9% sulphonic acid 
corresponds to the lowest flowability of the coated silica sand. Lengthening the storage time 
did not improve the flowability of this sand. 
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Figure 4.18 Transverse bars and tensile specimens 
 
    
  (a)    (b)    
Figure 4.19 The circled areas (a) show sand lumps formed in the recoater and (b) shows 
clogging of the sand feeder 
4.5.4 Moulding Properties Assessment 
Figure 4.20 shows the moulding properties of the 3DP sand specimens with reference to 
tensile and transverse behaviours. Strength appears to increase slightly with sulphonic acid 
content. Specimens produced from sand coated with 0.6% sulphonic acid had produced a 
tensile strength value of 50% and a transverse value of 8.5% greater than the specimens 
produced with 0.3% sulphonic acid. 
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Figure 4.20 Tensile and transverse strengths data – 48 hours of storage time 
63 | P a g e  
 
 
CHAPTER V: CONCLUSION 
5.1 Introduction 
This chapter presents the conclusions reached from the results of this dissertation’s research. 
5.2 Conclusions 
 Objective 1  
This research aimed to investigate the suitability of one South African silica sand for 
use in AM fabrication of sand moulds and cores.. 
Findings 
The examination uncovered significant differences in the foundry characteristics 
between the imported and Cape Flats sands. However, based on the test data, the 
investigation has proven that locally produced sand performed similarly to the 
Voxeljet sand. These results have proven that Cape Flats sand can be used in a 
Voxeljet VX 1000 3DP in lieu of the costly  imported sand. The success in producing 
sand components using a local sand on a Voxeljet platform created an opportunity to 
investigate additional  local sands.  
 Objective 2 
This research broadened the above study objective by taking into consideration three 
additional local silica sands for possible AM applications. 
Findings 
Delf Coastal, Sandy and Cleveland sands were the alternative local silica sands that 
seemed to show properties similar to the properties of the Voxeljet sand with regard to 
particle size distribution and grain morphology. Furthermore, standard test pieces 
prepared from the local sands have casting properties equivalent to those of the 
standard test pieces prepared out of the imported silica sand. The data obtained on 
local sands in this research is an initial step towards demonstrating that it is 
economically viable for local foundries to invest in 3D printing technology. In any 
case, AM preliminaries need to focus on the utilization of local raw sands for AM 
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productions. Local materials’ ability and performance could potentially be the subject 
for future research.  
 Objective 3 
The study assessed the moulding properties with respect to tensile and bend strengths 
and friability resistance of sand parts produced by AM using local commercially 
available ceramic sand. 
Findings 
The investigation showed that greater moulding properties relating to tensile and bend 
strengths could be achieved with ISO-cast ceramic sand compared to the imported 
silica sand owing to the spherical grain shape morphology of the ceramic sand. 
Although the friability resistance of the ceramic sand mould could be inferior to that 
of the imported silica sand mould, the outstanding bending properties of the ceramic 
sand qualifies it for use in special casting applications since silica sand reveals 
intrinsic technical limitations including low refractoriness, high thermal expansion 
and low reclamation yield. Future studies should include casting trials of the ceramic 
sand moulds to complete the assessment of this refractory material for rapid casting 
applications. 
 Objective 4 
This research also focused on the effects of coating Cleveland local silica sand with 
sulphonic acid to determine the optimum sulphonic acid addition for the required 
mechanical properties of sand parts. 
Findings 
The study attempted to understand the effect of coating sand with acid activator on 
rapid sand casting using 3DP, which is based on the furfuryl alcohol resin-bonded 
sand process. The study showed that the sulphonic acid content in the sand and the 
storage time of the coated sand after preparation are important factors in determining 
the manufacturability of the coated sand and the final moulding properties of 3DP 
sand parts. Furthermore, the study showed the possibility of successfully coating 
locally available sands that could produce 3DP sand specimens that could meet the 
requirements of mechanical properties with the acceptable addition of sulphonic acid 
of 0.3% with an acceptable angle of repose in the range between 25 to 45.  
65 | P a g e  
 
5.3 Research Limitations 
This research was purely focused on the testing and analysis of refractory sands with the aim 
of evaluating the quality of refractory materials and did not look into performing casting trials 
to assess the quality of casting that these moulding materials would yield. Another issue was 
the distance between the two research institutions, namely the AMP at VUT southern 
Gauteng and UJ foundry facility in Johannesburg. Not all equipment was located in one 
facility. This unfortunate situation may have caused changes in the conditions of a sample 
destined to be tested. Conditions such as weather variations, moisture absorption and 
vibration could have caused the breaking of samples. 
5.4 Future Work 
This project could expand its scope by investigating the performance of different types of 
refractory sands, such as chromite and olivine sands and looking into ways of blending 
refractory materials of different density and chemical composition for AM applications. 
Additionally, further investigation will be required to access the castability of the additively 
printed moulds. 
As part of the future work, a cost analysis of different sands could be included. This would 
add value to the results and strengthen the case that locally produced sands would result in a 
decrease in the cost of AM technologies, making it more accessible to the industry. 
5.5 Recommendations 
This research has explored ways of using local sands for AM in the production of moulds and 
cores. The production of sand components is based on the furfuryl alcohol resin bonded sand 
process – a no-bake process in which the sand self-sets at room temperature, catalysed by an 
acid such as sulphonic acid. Therefore, it is recommended that future studies investigate 
using a process-based alkaline binder system as one option, and to explore ways of using 
non-siliceous foundry sands for rapid casting applications as another option. 
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Appendix 
XRF test procedure MCTS/SL/OP/8.5.11WI8  
The chemical composition of the bulk sample was analysed using XRF, Rigaku ZSX Primus 
II with SQX analysis software using the scatter method. A high voltage X-ray was generated 
by the high-frequency inverter type which has a maximum rating of 4 kW, working at 60 kV 
and 150 mA, using tube equipped with Rh. It has the capacity to load a sample with a 
maximum diameter of 51 mm and height of 30 mm, and could detect heavy and light 
elements from fluorine to uranium. The ferrochrome lump was jaw and cone crushed, then 
milled to less than 38 µm, thereafter 18 grams of the milled sample was mixed with 2 grams 
of ‘SX’ (wax binder) and the mixture was then dried and loaded into the XRF machine for 
chemical analysis. 
Surface roughness test method  
Surface roughness test was obtained by the machine equipped sensor which moves linearly 
along the test track, such as the mould or core surface. The probe is moved according to the 
profile of the surface. These movements are converted into electric signals which are 
amplified, filtered and converted into digital signals by an A/D converter. These signals are 
then refined in the main processor, roughness parameters calculated as Ra and Rz values, and 
displayed on the screen (Test and Measurement Instruments, 2019). 
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